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The hemodynamic responses to exercise have been studied to a great extent over the past decades, and an exaggerated blood
pressure response during an acute exercise bout has been considered as an indicator of cardiovascular risk. Obesity is a major
factor inﬂuencing the blood pressure response to exercise since evidence indicates that the arterial pressure response to exercise is
exacerbatedinobesecomparedwithleanadults.Signsofaugmentedresponses(suchasanexaggeratedbloodpressureresponse)to
physical exertion appear early in life (from the prepubertal years) in obese individuals. Understanding the mechanisms that drive
the altered hemodynamic responses during exercise in obese individuals and prevent the progression to hypertension is vitally
important. This paper focuses on the evidence linking obesity with alterations of the autonomic nervous system and discusses
the potential mechanisms and consequences of the altered sympathetic nervous system behavior in obese individuals at rest and
during exercise. Furthermore, this paper presents the alterations in the reﬂex regulatory mechanisms (“exercise pressor reﬂex” and
baroreﬂex) in obese children and adults and addresses the eﬀects of training on obesity-related disturbances.
1.Introduction
The hemodynamic responses to exercise have been exten-
sively studied over the past decades. An exaggerated blood
pressure response during an acute dynamic exercise bout
(deﬁned as an increase in systolic blood pressure from rest
of >10mmHg per metabolic equivalent or a diastolic blood
pressure change of >10mmHg at any workload) [1]h a sb e e n
consideredasanindicatorofcardiovascularrisk[2–6].Miyai
et al. [7] showed a signiﬁcant and independent threefold
higher risk for future hypertension in middle-aged nor-
motensive men with a disproportionate exercise response. A
consistent relationship between resting blood pressure and
blood pressure decline during postexercise recovery has also
been reported [8–10]. Factors that have been accounted to
inﬂuence the arterial pressure responses to exercise include
resting arterial pressure levels, age, gender, ethnicity, family
history of hypertension, and other genetic factors, hyper-
lipidemia, and obesity and physical ﬁtness levels [11–13]. In
fact, obesity is a major factor inﬂuencing the blood pressure
response to exercise since evidence indicates that the arterial
pressure response to exercise is exacerbated in obese com-
pared with lean adults. Signs of altered responses to physical
exertion, such as augmented blood pressure response or a
chronotropic incompetence appear early in life (from the
prepubertalyears)inobeseindividuals[14,15].Understand-
ing the mechanisms that drive the altered hemodynamic
responses during exercise in obese individuals and prevent
the progression to hypertension is vitally important.
The present paper will focus on the evidence linking
obesitywithalterationsoftheautonomicnervoussystemand
discuss the potential mechanisms and consequences of the
altered sympathetic nervous system (SNS) behavior in obese
individuals at rest and during exercise. First, the mechanisms
and reﬂexes mediating the blood pressure responses to
exercise will be introduced. Next, the SNS behavior in obese
individualsatrestandtheconsequencesofalterationsinSNS
behavior to the blood pressure response during exercise will2 Journal of Obesity
bepresented.Alterationsinthereﬂexregulatorymechanisms
(such as the “exercise pressor reﬂex” and baroreﬂex) in obese
children and adults will also be addressed. Finally, we will
conclude with studies examining the eﬀects of training on
these obesity-related disturbances and future research rec-
ommendations.
2. Mechanisms Mediating Blood Pressure
Responses to Exercise
Neural control of the circulation during exercise is a mul-
tifactorial phenomenon involving higher brain centers and
peripheral reﬂexes (Figure 1). During exercise, descending
signals from a network of higher cerebral regions, from the
caudaldiencephalontotherostralmesencephalon,including
the ventral tegmental area [16, 17] (termed as “central com-
mand”), result in parasympathetic and sympathetic adjust-
ments [18]. In addition, neural signals from peripheral af-
ferents originating from the arterial baroreceptors (termed
as “arterial baroreﬂex”) [19] and from the skeletal muscle
[20, 21], result in changes in the autonomic outﬂow. This
system mediates the characteristic adjustments to exercise by
controllingheartrate,strokevolume,vascularresistance,and
thereby, maintaining blood pressure [22, 23].
Central command has been deﬁned as a “feedforward”
mechanism capable of activating simultaneously two sep-
arate networks, the motor and the cardiovascular control
center. Central command is very important at the onset of
exercise for initiating a basal level of autonomic activity and
can be dictated, at least partially, by the individual’s percep-
tion of eﬀort [24, 25]. Central command plays an important
role in the resetting of arterial baroreﬂex during exercise
[26]. This eﬀect appears to be mediated via vagal withdrawal
coupled to the increase in exercise intensity.
On the other hand, “feedback” mechanisms, consisting
of receptors within the exercising muscle, activate aﬀerent
nerves, and induce circulatory and respiratory adjustments
to provide suﬃcient blood ﬂow and remove the metabolic
byproducts of the working muscle. This neural mechanism
arising from the mechanical and chemical receptors within
themuscleistermedthe“exercisepressorreﬂex”[18,21,27].
The mechanical receptors are composed mainly by group
III aﬀerents which discharge early at the onset of contrac-
tion (mechanoreﬂex), whereas the metabolic receptors are
composed mainly by group IV aﬀerents that discharge later
(with a latency of 5–60 seconds) with the accumulation of
metabolites.
Bradykinin, K+, arachidonic acid, analogues of ATP, di-
protonated phosphate, and prostaglandins are some of the
substances that have been reported to activate the nerve
endings in the skeletal muscle and blood vessels [20, 21, 28].
Lactic acid has also been considered as a metabolic stimulus
to group IV muscle aﬀerents [29, 30]. Injection of lactic
acid into the skeletal muscle artery has been shown to
evoke reﬂex increases in arterial pressure that mimic those
occurringduringstaticexercise,whereas,injectionofsodium
lactate at a neutral pH failed to evoke a similar eﬀect [31].
However,thedemonstrationthatlacticacidelicitsanexercise
pressor reﬂex has been diﬃcult since its receptor on thin
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Figure 1: During exercise, neural signals originating from higher
cerebral regions (1) and peripheral aﬀerents from arterial barore-
ceptors (2) and the skeletal muscle (“exercise pressor reﬂex”, 3
& 4) result in parasympathetic and sympathetic adjustments (5).
Consequently, mean arterial pressure rises (6). HR: Heart Rate; SV:
Stroke Volume; TPR: Total Peripheral Resistance.
aﬀerents (group II and IV) has not been clearly identiﬁed.
Recently, a direct eﬀect of protons (H+) on the muscle
receptor itself has been suggested [32] and the acid sensing
ion channel (ASIC) was shown to play a role in evoking
the metabolic component of the exercise pressor reﬂex [33].
The hemodynamic consequence of mechanometaboreﬂex
activation is a rise in mean arterial blood pressure [21].
Alterations in the reﬂex regulatory mechanisms of arte-
rial pressure and sympathetic system disturbances have been
reported in obese individuals and have been associated with
the increased prevalence of hypertension and cardiovascular
disorders in obesity. The mechanisms underlying the altered
blood pressure responses in obese individuals have not been
completely identiﬁed. Methodological reﬁnements in the
assessment of sympathetic autonomic drive throughout the
years have allowed a better understanding of the role of the
sympathetic nervous system in the development of obesity-
induced hypertension.
3. Methods of Assessing Autonomic Nervous
System Behavior
Over the years, diﬀerent methodological approaches have
been used to study the autonomic system behavior in obese
individuals. The techniques currently applied for studying
sympathetic activity in humans are (i) regional nore-
pinephrine spillover, which measures the amount of nore-
pinephrine released from sympathetic terminals from the
coronarysinusortherenalveinsusingaradiotracerinfusion,
such as tritiated norepinephrine, and sampling of blood
from the venous drainages of interest, using a central venous
catheter, (ii) clinical microneurography, which measures
postganglionic sympathetic nerve ﬁring rates, bursts, inJournal of Obesity 3
subcutaneous nerves either of skin or skeletal muscle [34],
(iii)severaltypesofradioscanningimaging(suchaspositron
emissiontomographyandsinglephotonemissionscanning),
and (iv) indirect hemodynamic techniques, using blood
pressure and heart rate in the assessment of sympathetic and
vagal activity (such as heart rate variability, blood pressure
variability, and baroreﬂex sensitivity measures). The ﬁrst two
methodsdescribed,thatis,theisotopedilutionmethodology
and sympathetic nerve recording techniques, quantify neu-
rotransmitter release and are considered gold standards for
assessing regional sympathetic nervous function in humans
[35]. Skeletal muscle sympathetic nerve activity (MSNA)
provides valuable information on sympathetic nerve activity
at the muscle level and is an online dynamic assessment,
which is highly reproducible in humans. However, MSNA
does not give access to the sympathetic nerves of internal
organs as the rate of spillover of norepinephrine. Ideally,
combining measures of cardiac norepinephrine spillover
with electrical activity of the cardiac sympathetic nerves
would have yielded very conclusive evidence. However, since
both techniques are invasive, simultaneous experimentation
is very diﬃcult and the information provided is restricted
to laboratory environment. Therefore, other noninvasive
techniques such as analysis of heart rate variability (based
on mathematical models of variations in heart rate) are
also available to determine the balance between cardiac
sympathetic and vagal activity. Although these noninvasive
methods have a number of methodological limitations that
should be considered, as described by the Task Force of the
European Society of Cardiology and the North American
Society of Pacing and Electrophysiology [36], they can be
employed complementary to the other methods or in studies
involving healthy participants (including children). Recent
advantagesinheartratevariabilitycalculationmethods,such
as geometrical and graphical representation (as the Poincar´ e
plot) [37] are gaining increasing interest and can be used
during exercise, since they do not require stationarity of data
that was required in the time domain analysis of heart rate
variability.
4. Sympathetic Nervous SystemBehavior in
Obese IndividualsatRest:
Sympathetic Underactivityversus
Sympathetic Overactivity
Until recently, the relationship between obesity and SNS
behavior has been controversial, since a number of studies
suggested that low SNS was causal in the development of
obesity [38, 39], while others, claimed that obesity was
associatedwithhighSNSbehavior[40].Thereasonsforthese
discrepancies include methods of SNS assessment as well
as, the target organ examined, as SNS activity demonstrates
regional speciﬁcity and thus, SNS outﬂow to one organ may
not be similar to SNS outﬂow targeting other organs.
In individuals with obesity, whole body norepinephrine
spillover rate (an indication of an overall sympathetic activ-
ity) has been reported similar to that in lean individuals [41,
42]. However, studies assessing cardiac SNS activity by the
cardiac norepinephrine spillover rate have reported lower
spillover rate (by approximately 50%) at the heart level in
obese adults compared with nonobese normotensive adults,
whereas renal SNS activity has been reported higher (double
spillover rate of norepinephrine) in obese compared with
theirnonobesenormotensivecounterparts[41,42].Reduced
norepinephrine spillover has been also suggested in white
adipose tissue of obese individuals [43].
Direct recordings of eﬀerent postganglionic muscle sym-
pathetic nerve traﬃc via microneurography (muscle MSNA)
have conclusively documented that obese individuals exhibit
a noticeable increase (by as much as a twofold increase) in
MSNA compared with nonobese adults during rest [44].
Visceral fat, independently of total body fat was correlated
with increased basal MSNA, linking the altered SNS response
with body fat distribution [45, 46]. Increased visceral fat and
elevated MSNA have also been implicated in the develop-
ment of obstructive sleep apnea in obese adults [47–51].
Potential mechanisms for the increased SNS activity
in obese individuals include hyperinsulinemia [52, 53],
hyperleptinemia [34], activation of the renin-angiotensin-
aldosterone system [54–56], and mitochondrial dysfunction
[57, 58]. Altered neurohumoral signals arising from the
hypothalamic pituitary adrenal axis, as well as increased ad-
ipokines (adiponectin, ghrelin) [49], and dyslipidemia [59],
can also be contributing factors to the observed SNS distur-
bances [34, 60, 61]. The “neurogenic” hypothesis of obesity
has been previously reviewed [42, 59, 62]. Therefore, in
this brief review we will next discuss recent ﬁndings on the
alterationsofreﬂexescontrollingthebloodpressureresponse
during exercise in obese humans.
5. Sympathetic Nervous System Behavior in
Obese IndividualsduringExercise
In obese individuals, skeletal muscle sympathetic nerve hy-
peractivity is evident at rest [63]; however, during phys-
iological stimuli, a reduced SNS responsiveness has been
observed [64]. During sympathoexcitation induced by a
cold pressor test, forearm vascular resistance (assessed by
venous occlusion plethysmography) has been reported sig-
niﬁcantly higher in obese women compared with lean
women; however, blood pressure and heart rate (monitored
noninvasively by ﬁnger photoplethysmography on a beat by
beat basis) similarly increased in obese and lean individuals
[65]. Although in the latter study MSNA was higher in the
obese than the lean group, the magnitude of the MSNA
response was similar between the two groups. Negr˜ ao et al.
[64] showed that normotensive obese women had enhanced
resting MSNA and lower forearm blood ﬂow than lean
women [65]. During isometric handgrip exercise at 10% of
the maximum voluntary contraction (MVC), when central
command and mechanoreceptors are the main contributors
to pressure response, the MSNA adaptation to exercise was
found to be similar in obese and in lean individuals,
although the absolute levels of MSNA were found higher in
obese individuals. However, during 30% MVC, when central
command,mechanoreceptors,andmetaboreceptorsareacti-
vated,theMSNAexerciseadaptationwasfoundtobeblunted4 Journal of Obesity
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Figure 2: Alterations in the control of blood pressure during
exercise in obese individuals: the baroreﬂex is less sensitive to
stimulation(i.e.,exercise)andthemetaboreﬂexisblunted.Mechan-
ically sensitive aﬀerent neurons may therefore undergo functional
changes to compensate for the reduced metaboreﬂex. These alter-
ations may promote chronic adjustments in peripheral vascular
resistance, precipitate fatigue during exercise and delay vasodilata-
tion during exercise recovery. HR: Heart Rate; SV: Stroke Volume;
TPR: Total Peripheral Resistance.
in obese women, suggesting that selective activation of meta-
boreceptors during exercise is impaired in obese females.
This view was further explored by isolating the metaboreﬂex
response by postexercise occlusion. During posthandgrip
circulatory arrest, when the mechanoreﬂex and the central
command are no longer active, the MSNA responses were
blunted in normotensive middle-aged obese compared with
lean females [64]. These ﬁndings imply that mechanically
sensitive aﬀerent neurons may undergo functional changes
t oc o m p e n s a t ef o rt h er e d u c e dm e t a b o r e ﬂ e xa n dr e s u l ti na n
increase in mean arterial pressure. During exercise of higher
intensity, the mechanoreﬂex may not be able to compensate
for the blunted metaboreﬂex, muscle perfusion might be
impaired, and fatigue may appear earlier. In fact, blunted
muscleperfusiontolocaldynamicexercisehasbeenreported
in obese individuals [66]. A proposed model for the altered
exercise pressor reﬂex in obese individuals is presented in
Figure 2.
The mechanisms underlying the blunted metaboreﬂex
control in obese individuals are not entirely clear. Possibly,
the increased fat content in the skeletal muscle in obese
individuals leads to a desensitization of metaboreceptors.
The reduced skeletal muscle glucose uptake observed in
obesity [67] can also result in an attenuated level of acidosis
in the muscle during exercise, and thus, a lower activation
of metaboreceptors. A baroreﬂex involvement can also be
implicated to this dysfunction.
Alterations in the arterial baroreﬂex are linked to SNS
hyperactivity and blunted arterial distensibility [68, 69].
Reduced postexercise baroreceptor sensitivity and impaired
autonomic regulation have been associated with an atten-
uated recovery of heart rate and total peripheral resistance
following brisk walking in middle-aged obese women [10].
In a recent study, Fardin et al. [70] showed that baroreceptor
dysfunction in obese rats (exposed to a high-fat diet) was
associatedwithrenalSNShyperactivity.Whetherthisﬁnding
extend to obese humans remains to be investigated.
Preserved blood ﬂow (assessed by Doppler) during
dynamic steady-state forearm (20 contractions/min at 4, 8,
and 12kg) and leg (40 kicks/min at 7 and 14W) exercise was
found in the exercising limb in obese young healthy adults,
indicating that steady-state levels of ﬂow can be maintained
via compensatory mechanisms [71]. However, in another
study [72], a marked impairment in rapid vasodilatation was
evident in the immediate postexercise period in obese adults
and was greater with increasing workloads (from 20–50% of
MVC). Diﬀerences in the reported results regarding blood
ﬂow during exercise in obese individuals could be attributed
to the exercise intensity applied (similar absolute versus sim-
ilar relative workload) [72], the mode of exercise (dynamic
versus isometric), and the hormonal and metabolic proﬁle
of the participants (healthy versus hyperinsulinemic). The
exact mechanism for the reduced postexercise vasodilatation
and the delayed decline in blood pressure in obese humans
is not clear. However, impaired potassium channel-mediated
vasodilatation has been reported in the skeletal muscle of
o b e s eZ u c k e rr a t so rh a m s t e r s[ 73, 74] and could be partially
involved in humans.
Signs of altered reﬂexes were detectable even when
normotensive obese adults (deﬁned in studies as sys-
tolic/diastolic blood pressure <140/90mmHg) were tested
[62], suggesting that early detection of these abnormalities
can be used as a prognostic tool. Weight loss induced
by a hypocaloric diet partially reversed the attenuated
metaboreﬂex response [75] and improved baroreceptor sen-
sitivity in obese normotensive individuals [63]. In addition,
weight reduction induced favorable adaptations on the
MSNA responses during mental stress in obese women
and improved forearm vascular conductance at rest [76];
however, these beneﬁcial adaptations were only obtained
when the hypocaloric diet (600kcal/day dietary reduction)
was accompanied by exercise training and not by a similar
dietary caloric restriction alone [76]. The diet plus exercise
training group in that study performed three 60min exercise
sessions per week of aerobic (40min per session) and
strengthening exercise for four months. Since both groups
exhibited a similar weight loss and changes in body com-
position were not assessed, it is not clear whether increases
in lean body mass and a greater decrease in percent body
fat resulted in the beneﬁcial eﬀects on MSNA and vascular
conductance. Moreover, the eﬀects of weight loss and weight
loss maintenance on sympathetic activity might be divergent
and organ-speciﬁc adaptations might exist. Straznicky et al.
[77] showed that after weight maintenance, the beneﬁcial
eﬀects of weight loss on norepinephrine spillover rate
were preserved, whereas MSNA and baroreﬂex sensitivityJournal of Obesity 5
adaptations were not maintained. Future studies should
examine the mechanisms by which exercise training exerts
advantageous alterations in the exercise pressor reﬂex and
investigate whether the beneﬁcial eﬀects on sympathovagal
control are linked to changes in body composition. The
eﬀects of resistance training or high intensity exercise, as well
as possible gender diﬀerences in the exercise pressor reﬂex
and the muscle metaboreﬂex should also be investigated.
6. Control of Blood PressureatRest and during
Exercisein Obese Children
The autonomic nervous system undergoes changes from
childhood to adulthood. Body size, muscle characteristics,
energy systems involved, and arterial stiﬀness also change
[78–80]. Therefore, applying the information that we have
learned from studies in obese adults to studies in obese
children,mightbenotbeappropriate.Up-to-date,onlyafew
studies have directly compared the blood pressure responses
and the sympathovagal involvement to the control of the
exercise pressor reﬂex in children and in adults. A lower
response of blood pressure (using ﬁnger photoplethysmog-
raphy) during isometric handgrip exercise and lower barore-
ceptorsensitivityhasbeenreportedinchildrenthaninadults
[81]. However, the exercise pressor reﬂex in that study
was examined as a whole, involving all peripheral reﬂexes;
therefore the role of the each of the reﬂexes (metaboreﬂex,
mechanoreﬂex) to the control of blood pressure in children
is not clear. Only one study [82] attempted to isolate the
exercise-induced increase in metabolite concentration (using
circulatoryocclusion)tothecontrolofbloodpressureduring
handgrip exercise in children and reported similar responses
in children and in adults. In the latter study, the blood pres-
sure measurements were not performed on a beat-by-beat
basis and the sympathetic/vagal involvement to the blood
pressure response was not examined. Furthermore, faster
postexercise hemodynamics have been reported in young
children compared with adolescents [83] and adults [84, 85],
linked with a faster parasympathetic outﬂow [81]o rc h a n g e s
in lean body mass and blood acidosis [83, 86].
In children, increased levels of adiposity have been par-
tially linked to autonomic nervous system dysfunction and
an increased prevalence of hypertension in adulthood [87].
Yet, the exact mechanisms by which childhood obesity leads
to hypertension remain unclear. Increased resting blood
pressure [88], reduced baroreceptor sensitivity [89], and de-
creased resting forearm blood ﬂow have been reported from
an early stage in obese children [90]. During sympathetic
stimulationinducedbyisometrichandgripexercise,thearte-
rial blood pressure response has been reported similar [15]
or higher [88] in obese compared with lean aged-matched
children. Diﬀerences in reported blood pressure responses
could be partly or collectively explained by (i) basal blood
pressure diﬀerences, (ii) variations in body fat distribution
[91], (iii) diﬀerences in participants’ age, since cardiovagal
autonomic function undergoes a gradual maturation during
childhood [92] ,a n d( i v )m e t h o do fb l o o dp r e s s u r em e a s u r e -
ment (continuous beat-by-beat ﬁnger photoplethysmogra-
phy, or intermittently every 60 or 120s by a conventional
aneroid sphygmomanometer). Genetic factors and family
history of hypertension can also be contributing factors,
since oﬀsprings of parents with a family history of hyper-
tension exhibit higher basal blood pressure levels and greater
mean arterial pressure during mental stress and handgrip
exercise than children of normotensive parents [93]. Low ﬁt-
ness levels can also exaggerate the blood pressure response to
exerciseinchildrenwithobesity.InarecentstudybyLegantis
et al. [94], obese and overweight unﬁt children exhibited
an exaggerated systolic blood pressure response (assessed
byﬁngerphotoplethysmography) during isometric handgrip
exercise compared with their ﬁt overweight and obese
counterparts.
Even in the absence of any alterations in resting blood
pressure, signs of disturbed hemodynamic control during
acute isometric handgrip exercise (at 30% MVC) and recov-
ery were evident in obese prepubertal boys [15]. Dipla et al.
[15] reported an attenuated increase in exercise heart rate,
associated, at least partially with a lower vagal withdrawal
in obese compared with lean boys. However, the magnitude
of the blood pressure response to exercise (assessed as the
change from baseline, using beat-by-beat ﬁnger photo-
plethysmography) was similar in lean and obese boys. In
addition, a lower decline in baroreceptor sensitivity during
isometric exercise was found in obese versus lean preadoles-
cent children [15].
During dynamic exercise, a blunted muscle perfusion
responsetolowerlimbshasbeenreportedinoverweightchil-
dren [66], possibly linked with arterial endothelial dysfunc-
tion [56, 95]. Furthermore, early signs of vascular dysfunc-
tion in obese children have been demonstrated in the postex-
ercise period, as evident by a reduced capacity for vasodi-
latation in the recovery from isometric exercise in obese
compared with lean boys [15]. These vascular reactivity dys-
functions during exercise (dynamic or isometric) and recov-
ery, are possibly also the result of accumulation of perivas-
cular adipose tissue (surrounding the blood vessels) and
intima media thickening [96].
Isolating the metaboreﬂex activation by postexercise
occlusion, Dipla et al. [15] found similar blood pressure
responses in normotensive obese and lean prepubertal chil-
dren. However, the relative contribution of total peripheral
resistance and stroke volume to this response was altered
in obese preadolescent boys, even in the absence of a fully
developed metabolic syndrome.
A limitation of studies currently available in children is
thattheautonomicnervoussysteminvolvementduringexer-
cise was assessed indirectly, using hemodynamic parameters
and not direct measurement of norepinephrine spillover rate
orMSNA.Althoughheartratevariability providesanindica-
tion oftheheart’sability torespond tomultiple physiological
stimuli and can identify phenomena related to autonomic
nervoussystem,itisnotconsideredaspreciseasthemeasure-
ment of norepinephrine spillover. However, its noninvasive
and nonpharmacologic nature makes it appealing for use
in the pediatric population, especially when healthy lean
children participate as controls.6 Journal of Obesity
7. Effects of Trainingand PhysicalActivityon
Blood Pressure Control
This section will ﬁrst discuss ﬁndings in studies examining
the eﬀects of training to the neural control of blood pressure
in obese adults and then continue with ﬁndings in obese
c h i l d r e n .I nal a r g ec o h o r ts t u d y ,F e l b e r - D i e t r i c he ta l .[ 97]
showed that participation in regular physical activity pro-
grams has beneﬁcial eﬀects on cardiac autonomic function
(assessed by 24-hour recordings of heart rate variability) and
tends to oﬀset the negative eﬀects of obesity on autonomic
nervous system indices. More speciﬁcally, obese individuals
exercisingregularly >2h/weekexhibitedheartratevariability
values closer to those obtained by normal weight indi-
viduals. Cardiac autonomic function in those who gained
weight while exercising regularly was improved compared
to sedentary subjects who gained weight. Although a major
strength of that study is the involvement of a large number
of participants, a limitation is that the amount of physical
activity was assessed by a questionnaire. In addition, since
bodycompositionwasnotassessedinthatstudy,itispossible
that the observed improvements in autonomic function in
the active obese individuals, is at least partly the result of
an increase in their lean body mass. The important role of
physicalactivityonvascularhealthhasbeendemonstratedby
a study showing that cessation of physical activity in healthy
adults during bed rest resulted in a rapid decline of vascular
reactivity (within 3–5 days) [98]. Aerobic exercise training
in obese individuals induces metabolic alterations, such as
increases in bioavailability of nitric oxide and in glucose
transporter (GLUT-4) concentration within the skeletal
muscle and increases in the number of highly oxidative
and insulin-sensitive type I ﬁbers in adults [99, 100]. These
changes have been associated with improved endothelial cell
function (assessed by brachial artery ﬂow mediated dilata-
tion)[99].Whetherimprovementsintheautonomicnervous
system function in response to training contribute to these
alterations remains to be elucidated.
Early detection of vascular dysfunction is important to
initiate behavioral interventions to reduce the risk of devel-
oping cardiovascular disease. In children, sedentary behavior
is a major factor linking adiposity to insulin resistance,
inﬂammation,andendothelialdysfunction.Controlledstud-
ies that examine whether exercise training interventions
reverse the alterations observed in baroreﬂex sensitivity and
in the exercise pressor reﬂex in obese children are not cur-
rently available. Previous studies have indicated that exercise
trainingimprovesvascularreactivity.Morespeciﬁcally,Watts
et al. [101] showed that obese children and adolescents had
a 50% lower vascular reactivity compared with their control
peersduringrestandreducedfree-livingphysicalactivitywas
related to vascular dysfunction (assessed by ﬂow-mediated
dilatation) in children [102]. Furthermore, Hopkins et al.
[103]showedthattheamountofmoderatetovigorousactiv-
ity was closely associated with increased vascular reactivity
and health. Prado et al. [104] showed that a hypocaloric diet
accompanied by exercise training, accelerated the postexer-
cise heart rate recovery, more than diet alone, suggesting an
additive eﬀect of increased cardiorespiratory ﬁtness by exer-
cise training on cardiac autonomic activity. Importantly, the
improved arterial endothelial function following an eight-
week aerobic exercise training program was evident even in
the absence of weight reduction in overweight children [99].
These results highlight the importance of increased ﬁtness
levels in vascular health in obese and overweight children
[94] and imply that metabolic and hormonal adaptations
induced by exercise training plays a major role in lowering
risk factors.
In many studies that examined the eﬀect of weight loss
on the reﬂexes involved in the blood pressure control and
the involvement of exercise training, it was diﬃcult to isolate
theeﬀectofphysicalactivity,independentofchangesinbody
mass consequent to the intervention. In addition, diﬀerences
in the deﬁnition of overweight/obesity among studies, espe-
cially in the pediatric population (based on body mass index
≥ 30kg/m2 versus body mass index > 95th percentile for age
and gender) [105], as well as diﬀerences in the assessment of
childhood or adolescence (based on age versus maturation
status using Tanner stage or age at peak height velocity—i.e.,
the time of maximum growth in stature during adolescence)
have created controversies among studies.
8. Overall Summary and Recommendations for
FutureResearch
Given the above ﬁndings, a hyperadrenergic state is a hall-
markofobesity;however,adiﬀerentiationofcentralnervous
system sympathetic outﬂow, with increased traﬃc in the
renal and skeletal muscle sympathetic nerves and reduced
cardiac sympathetic nerve ﬁring is evident in obese indi-
viduals. These alterations lead to adjustments in the reﬂexes
that control blood pressure. We can conclude that even when
not accompanied by an elevation in arterial blood pressure,
alterations in the sympathovagal involvement (at rest and
during exercise) may be evident in an obese individual.
Adaptations in reﬂexes including a blunted baroreﬂex sensi-
tivity,lowermetaboreﬂex,andpossiblyagreaterinvolvement
of mechanoreﬂex appear even in the preadolescent years.
These changes, accompanied by the endothelial dysfunction,
result in alterations in hemodynamic control (such as diﬀer-
ences in the heart rate responses and vasodilatation) during
exercise and recovery. Despite considerable achievements
in our understanding in the control of blood pressure in
obesity, several issues remain unclear. What cellular and
molecular events mediate the alterations in the reﬂexes that
control blood pressure during exercise in obesity? Addi-
tional experimentation is required to address the possible
mechanisms that reverse these pathological events. Another
area of implementation should be the assessment of dif-
ferent exercise training modes (continuous or intermittent,
dynamic or isometric) and exercise intensities (high versus
low) required to induce beneﬁcial regressions in the reﬂexes
controlling blood pressure in obesity. Importantly, studies
involving training interventions should be designed to
speciﬁcally stratify the independent eﬀect of exercise versus
dietary modiﬁcation. To date, the eﬃcacy of antiadrenergic,
antihypertensive drugs to the regression of the alterations
observed in the exercise pressor reﬂex has not been tested.Journal of Obesity 7
Future studies should also explore the role of alterations in
the macronutrient intake percentages to the blood pressure
responses during exercise in obese adults, as well as in the
pediatric population.
Conﬂict of Interests
The authors claim no conﬂict of interest in the submitted
paper.
References
[1] American College of Sports Medicine, Acsm’s Guidelines for
Exercise Testing and Prescription, Wolters Clover Lippincott
Williams & Willkins, Philadelphia, Pa, USA, 2010.
[2] L. S. Pescatello, B. A. Franklin, R. Fagard, W. B. Farquhar,
G. A. Kelley, and C. A. Ray, “American College of Sports
Medicine position stand. Exercise and hypertension.,” Med-
icine and science in sports and exercise, vol. 36, no. 3, pp. 533–
553, 2004.
[3] N.Miyai,M.Arita,K.Miyashita,I.Morioka,T.Shiraishi,and
I. Nishio, “Blood pressure response to heart rate during ex-
ercise test and risk of future hypertension,” Hypertension,vol.
39, no. 3, pp. 761–766, 2002.
[4] J. Filipovsky, P. Ducimetiere, and M. E. Safar, “Prognostic
signiﬁcance of exercise blood pressure and heart rate in
middle-aged men,” Hypertension, vol. 20, no. 3, pp. 333–339,
1992.
[5] R. Mundal, S. E. Kjeldsen, L. Sandvik, G. Erikssen, E.
Thaulow, and J. Erikssen, “Exercise blood pressure predicts
cardiovascular mortality in middle-aged men,” Hypertension,
vol. 24, no. 1, pp. 56–62, 1994.
[6] R. Mundal, S. E. Kjeldsen, L. Sandvik, G. Erikssen, E.
Thaulow, and J. Erikssen, “Exercise blood pressure predicts
mortality from myocardial infarction,” Hypertension, vol. 27,
no. 3 I, pp. 324–329, 1996.
[7] N. Miyai, M. Arita, I. Morioka, S. Takeda, and K. Miyashita,
“Ambulatory blood pressure, sympathetic activity, and left
ventricular structure and function in middle-aged nor-
motensive men with exaggerated blood pressure response to
exercise,”MedicalScienceMonitor,vol.11,no.10,pp.CR478–
CR484, 2005.
[8] D. A. Cunningham, P. A. Rechnitzer, J. H. Howard, and A.
P. Donner, “Exercise training of men at retirement: a clinical
trial,” Journals of Gerontology, vol. 42, no. 1, pp. 17–23, 1987.
[9] V .K.Somers,J .Con wa y ,A.Coats,J .I sea,andP .Sleight,“P os-
texercise hypotension is not sustained in normal and hyper-
tensive humans,” Hypertension, vol. 18, no. 2, pp. 211–215,
1991.
[10] A. Figueroa, T. Baynard, B. Fernhall, R. Carhart, and J. A.
Kanaley, “Impaired postexercise cardiovascular autonomic
modulation in middle-aged women with type 2 diabetes,”
European Journal of Cardiovascular Prevention and Rehabil-
itation, vol. 14, no. 2, pp. 237–243, 2007.
[11] S. S. Sawada, I. M. Lee, T. Muto, K. Matuszaki, and S. N.
Blair, “Cardiorespiratory ﬁtness and the incidence of type 2
diabetes: prospective study of Japanese men,” Diabetes Care,
vol. 26, no. 10, pp. 2918–2922, 2003.
[12] S.Sawada,H.Tanaka,M.Funakoshi,M.Shindo,S.Kono,and
T. Ishiko, “Five year prospective study on blood pressure and
maximal oxygen uptake,” Clinical and Experimental Pharma-
cology and Physiology, vol. 20, no. 7-8, pp. 483–487, 1993.
[13] G. E. Alvarez, J. R. Halliwill, T. P. Ballard, S. D. Beske, and
K. P. Davy, “Sympathetic neural regulation in endurance-
trained humans: ﬁtness vs. fatness,” Journal of Applied
Physiology, vol. 98, no. 2, pp. 498–502, 2005.
[ 1 4 ]L .C a r l e t t i ,A .N .R o d r i g u e s ,A .J .P e r e z ,a n dD .V .V a s s a l l o ,
“Blood pressure response to physical exertion in adolescents:
inﬂuence of overweight and obesity,” Arquivos Brasileiros de
Cardiologia, vol. 91, no. 1, pp. 25–30, 2008.
[15] K.Dipla,A.Zafeiridis,I.Koidou,N.Geladas,andI.S.Vrabas,
“Altered hemodynamic regulation and reﬂex control during
e x e r c i s ea n dr e c o v e r yi no b e s eb o y s , ”American Journal of
Physiology, vol. 299, no. 6, pp. H2090–H2096, 2010.
[16] K. Matsukawa, “Central command: control of cardiac sym-
pathetic and vagal eﬀerent nerve activity and the arterial
baroreﬂex during spontaneous motor behaviour in animals,”
Experimental Physiology, vol. 97, pp. 20–28, 2012.
[ 1 7 ]J .W .W i l l i a m s o n ,P .J .F a d e l ,a n dJ .H .M i t c h e l l ,“ N e w
insights into central cardiovascular control during exercise in
humans: a central command update,” Experimental Physiol-
ogy, vol. 91, no. 1, pp. 51–58, 2006.
[ 1 8 ]J .H .M i t c h e l l ,M .P .K a u f m a n ,a n dG .A .I w a m o t o ,“ T h ee x -
ercise pressor reﬂex: its cardiovascular eﬀects, aﬀerent mech-
anisms, and central pathways.,” Annual Review of Physiology,
vol. 45, pp. 229–242, 1983.
[19] M. J. Joyner, “Baroreceptor function during exercise: reset-
ting the record,” Experimental Physiology, vol. 91, no. 1, pp.
27–36, 2006.
[20] M. P. Kaufman, T. G. Waldrop, K. J. Rybicki, G. A. Ordway,
a n dJ .H .M i t c h e ll ,“ E ﬀects of static and rhythmic twitch con-
tractions on the discharge of group iii and iv muscle af-
ferents,” Cardiovascular Research, vol. 18, pp. 663–668, 1984.
[21] M. P. Kaufman and S. G. Hayes, “The exercise pressor reﬂex,”
ClinicalAutonomicResearch,vol.12,no.6,pp.429–439,2002.
[22] D. S. O’Leary, “Autonomic mechanisms of muscle metabore-
ﬂex control of heart rate,” Journal of Applied Physiology, vol.
74, no. 4, pp. 1748–1754, 1993.
[23] D. S. O’Leary, “Heart rate control during exercise by barore-
ceptors and skeletal muscle aﬀerents,” Medicine and Science
in Sports and Exercise, vol. 28, no. 2, pp. 210–217, 1996.
[24] M. Nowak, S. Holm, F. Biering-Sørensen, N. H. Secher, and
L.Friberg,“‘Centralcommand’andinsularactivationduring
attempted foot lifting in paraplegic humans,” Human Brain
Mapping, vol. 25, no. 2, pp. 259–265, 2005.
[25] M.Nowak,K.S.Olsen,I.Law,S.Holm,O.B.Paulson,andN.
H. Secher, “Command-related distribution of regional cere-
bral blood ﬂow during attempted handgrip,” Journal of Ap-
plied Physiology, vol. 86, no. 3, pp. 819–824, 1999.
[26] P. J. Fadel, “Arterial baroreﬂex control of the peripheral vas-
culature in humans: rest and exercise,” Medicine and Science
in Sports and Exercise, vol. 40, no. 12, pp. 2055–2062, 2008.
[27] M. P. Kaufman, K. J. Rybicki, T. G. Waldrop, and J. H.
Mitchell, “Eﬀect on arterial pressure of rhythmically con-
tracting the hindlimb muscles of cats,” Journal of Applied
PhysiologyRespiratoryEnvironmentalandExercisePhysiology,
vol. 56, no. 5, pp. 1265–1271, 1984.
[28] M. P. Kaufman and K. J. Rybicki, “Discharge properties of
groupIIIandIVmuscleaﬀerents:theirresponsestomechan-
ical and metabolic stimuli.,” Circulation Research, vol. 61, no.
4, pp. I60–65, 1987.
[29] R. G. Victor, L. A. Bertocci, S. L. Pryor, and R. L. Nunnally,
“Sympathetic nerve discharge is coupled to muscle pH
during exercise in humans,” Journal of Clinical Investigation,
vol. 82, no. 4, pp. 1301–1305, 1988.8 Journal of Obesity
[30] L. I. Sinoway, K. J. Wroblewski, S. A. Prophet et al., “Glyco-
gen depletion-induced lactate reductions attenuate reﬂex
responses in exercising humans,” American Journal of Phys-
iology, vol. 263, no. 5, pp. H1499–H1505, 1992.
[31] D. M. Rotto, C. L. Stebbins, and M. P. Kaufman, “Reﬂex car-
diovascular and ventilatory responsesto increasing H+ activ-
ityincathindlimbmuscle,”JournalofAppliedPhysiology,vol.
67, no. 1, pp. 256–263, 1989.
[32] M. Fischer and S. S. Sch¨ afer, “Eﬀects of changes in pH on
the aﬀerent impulse activity of isolated cat muscle spindles,”
Brain Research, vol. 1043, no. 1-2, pp. 163–178, 2005.
[33] S. G. Hayes, A. E. Kindig, and M. P. Kaufman, “Blockade of
acid sensing ion channels attenuates the exercise pressor re-
ﬂex in cats,” J o u r n a lo fP h y s i o l o g y , vol. 581, no. 3, pp. 1271–
1282, 2007.
[34] M. Esler, G. Lambert, M. Vaz et al., “Central nervous sys-
tem monoamine neurotransmitter turnover in primary and
obesity-related human hypertension,” Clinical and Experi-
mental Hypertension, vol. 19, no. 5-6, pp. 577–590, 1997.
[35] G. Grassi, B. M. Cattaneo, G. Seravalle, M. Colombo, F.
Cavagnini, and G. Mancia, “Obesity and the sympathetic
nervous system,” BloodPressure,Supplement,v o l .5 ,no .1 ,p p .
43–46, 1996.
[36] “Heart rate variability. Standards of measurement, physio-
logicalinterpretation,andclinicaluse.Taskforceoftheeuro-
pean society of cardiology and the north american society
of pacing and electrophysiology,” European Heart Journal,
vol. 17, pp. 354–381, 1996.
[37] M. P. Tulppo, T. H. Makikallio, T. E. Takala, T. Seppanen, and
H. V. Huikuri, “Quantitative beat-to-beat analysis of heart
rate dynamics during exercise,” American Journal of Physiol-
ogy, vol. 271, pp. H244–H252, 1996.
[38] K. P. Davy and J. S. Orr, “Sympathetic nervous system
behavior in human obesity,” Neuroscience and Biobehavioral
Reviews, vol. 33, no. 2, pp. 116–124, 2009.
[39] G. A. Bray, “Obesity—a state of reduced sympathetic activity
and normal or high adrenal activity (the autonomic and
adrenal hypothesis revisited),” International Journal of Obe-
sity, vol. 14, no. 3, pp. 77–91, 1990.
[40] K. P. Davy and J. E. Halle, “Obesity and hypertension: two
epidemics or one?” American Journal of Physiology, vol. 286,
no. 5, pp. R803–R813, 2004.
[41] M. S. Rumantir, M. Vaz, G. L. Jennings et al., “Neural mecha-
nismsinhumanobesity-relatedhypertension,”Journal of Hy-
pertension, vol. 17, no. 8, pp. 1125–1133, 1999.
[42] M. Vaz, G. Jennings, A. Turner, H. Cox, G. Lambert, and
M. Esler, “Regional sympathetic nervous activity and oxygen
consumptioninobesenormotensivehumansubjects,”Circu-
lation, vol. 96, no. 10, pp. 3423–3429, 1997.
[43] S. W. Coppack, J. F. Horowitz, D. S. Paramore, P. E. Cryer,
H. D. Royal, and S. Klein, “Whole body, adipose tissue, and
forearm norepinephrine kinetics in lean and obese women,”
American Journal of Physiology, vol. 275, no. 5, pp. E830–
E834, 1998.
[44] G. E. Alvarez, S. D. Beske, T. P. Ballard, and K. P. Davy, “Sym-
pathetic neural activation in visceral obesity,” Circulation,
vol. 106, no. 20, pp. 2533–2536, 2002.
[45] P. P. Jones, S. Snitker, J. S. Skinner, and E. Ravussin, “Gender
diﬀerences in muscle sympathetic nerve activity: eﬀect of
body fat distribution,” American Journal of Physiology, vol.
270, no. 2, pp. E363–E366, 1996.
[46] L. J. Prior, N. Eikelis, J. A. Armitage et al., “Exposure to a
high-fat diet alters leptin sensitivity and elevates renal
sympathetic nerve activity and arterial pressure in rabbits,”
Hypertension, vol. 55, no. 4, pp. 862–868, 2010.
[47] E. Shinohara, S. Kihara, S. Yamashita et al., “Visceral fat ac-
cumulation as an important risk factor for obstructive sleep
apnoea syndrome in obese subjects,” Journal of Internal Med-
icine, vol. 241, no. 1, pp. 11–18, 1997.
[48] A. N. Vgontzas, “Does obesity play a major role in the patho-
genesis of sleep apnoea and its associated manifestations
via inﬂammation, visceral adiposity, and insulin resistance?”
Archives of Physiology and Biochemistry, vol. 114, no. 4, pp.
211–223, 2008.
[49] J. C. M. Lam, A. Xu, S. Tam et al., “Hypoadiponectinemia is
related to sympathetic activation and severity of obstructive
sleep apnea,” Sleep, vol. 31, no. 12, pp. 1721–1727, 2008.
[50] A. Abbas, L. S. Szczepaniak, M. Tuncel et al., “Adiposity-
independent sympathetic activity in black men,” Journal of
Applied Physiology, vol. 108, no. 6, pp. 1613–1618, 2010.
[51] G. E. Alvarez, T. P. Ballard, S. D. Beske, and K. P. Davy, “Sub-
cutaneous obesity is not associated with sympathetic neural
activation,” American Journal of Physiology, vol. 287, no. 1,
pp. H414–H418, 2004.
[52] G. Paolisso, D. Manzella, M. R. Rizzo et al., “Eﬀects of insulin
on the cardiac autonomic nervous system in insulin-resistant
states,” Clinical Science, vol. 98, no. 2, pp. 129–136, 2000.
[53] M. Emdin, A. Gastaldelli, E. Muscelli et al., “Hyperinsuline-
mia and autonomic nervous system dysfunction in obesity:
eﬀects of weight loss,” Circulation, vol. 103, no. 4, pp. 513–
519, 2001.
[54] S. Engeli and A. M. Sharma, “The renin-angiotensin system
and natriuretic peptides in obesity-associated hypertension,”
Journal of Molecular Medicine, vol. 79, no. 1, pp. 21–29, 2001.
[55] C.M.Boustan y ,K.Bharad waj,A.Daugherty ,D .R.Br o wn,D .
C. Randall, and L. A. Cassis, “Activation of the systemic and
adipose renin-angiotensin system in rats with diet-induced
obesity and hypertension,” American Journal of Physiology,
vol. 287, no. 4, pp. R943–R949, 2004.
[56] K. Rahmouni, M. L. G. Correia, W. G. Haynes, and A. L.
Mark, “Obesity-associated hypertension: new insights into
mechanisms,” Hypertension, vol. 45, no. 1, pp. 9–14, 2005.
[57] E. V. Menshikova, V. B. Ritov, F. G. Toledo, R. E. Ferrell, B. H.
Goodpaster,andD.E.Kelley,“Eﬀectsofweightlossandphys-
ical activity on skeletal muscle mitochondrial function in
obesity,” American Journal of Physiology, vol. 288, pp. E818–
E825, 2005.
[58] F. G. S. Toledo, S. Watkins, and D. E. Kelley, “Changes in-
duced by physical activity and weight loss in the morphology
ofintermyoﬁbrillarmitochondriainobesemenandwomen,”
Journal of Clinical Endocrinology and Metabolism, vol. 91, no.
8, pp. 3224–3227, 2006.
[59] G. Grassi, F. Arenare, F. Quarti-Trevano, G. Seravalle, and G.
Mancia, “Heart rate, sympathetic cardiovascular inﬂuences,
and the metabolic syndrome,” Progress in Cardiovascular
Diseases, vol. 52, no. 1, pp. 31–37, 2009.
[60] M. Esler, M. Rumantir, D. Kaye, and G. Lambert, “The sym-
pathetic neurobiology of essential hypertension: disparate
inﬂuences of obesity, stress, and noradrenaline transporter
dysfunction?” American Journal of Hypertension, vol. 14, no.
6, pp. 139S–146S, 2001.
[61] M. Esler, M. Rumantir, G. Wiesner, D. Kaye, J. Hastings, and
G. Lambert, “Sympathetic nervous system and insulin resis-
tance: from obesity to diabetes,” American Journal of Hyper-
tension, vol. 14, no. 11, pp. 304S–309S, 2001.Journal of Obesity 9
[62] G. Grassi, R. Dell’Oro, F. Quarti-Trevano et al., “Neuroad-
renergic and reﬂex abnormalities in patients with metabolic
syndrome,” Diabetologia, vol. 48, no. 7, pp. 1359–1365, 2005.
[63] G. Grassi, G. Seravalle, M. Colombo et al., “Body weight
reduction, sympathetic nerve traﬃc, and arterial baroreﬂex
in obese normotensive humans,” Circulation, vol. 97, no. 20,
pp. 2037–2042, 1998.
[64] C. E. Negr˜ ao, I. C. Trombetta, L. T. Batalha et al., “Muscle
metaboreﬂex control is diminished in normotensive obese
women,” American Journal of Physiology, vol. 281, no. 2, pp.
H469–H475, 2001.
[65] F. H. S. Kuniyoshi, I. C. Trombetta, L. T. Batalha et al., “Ab-
normal neurovascular control during sympathoexcitation in
obesity,” Obesity Research, vol. 11, no. 11, pp. 1411–1419,
2003.
[66] L. Karpoﬀ, A. Vinet, I. Schuster et al., “Abnormal vascular
reactivityatrestandexerciseinobeseboys,”EuropeanJournal
of Clinical Investigation, vol. 39, no. 2, pp. 94–102, 2009.
[67] W. M. Sherman, A. L. Katz, C. L. Cutler, R. T. Withers, and J.
L. Ivy, “Glucose transport: locus of muscle insulin resistance
in obese Zucker rats,” American Journal of Physiology, vol.
255, no. 3, pp. E374–E382, 1988.
[68] M. T. La Rovere, G. Specchia, A. Mortara, and P. J. Schwartz,
“Baroreﬂex sensitivity, clinical correlates, and cardiovascular
mortality among patients with a ﬁrst myocardial infarction:
aprospectivestudy,”Circulation,vol.78, no.4I,pp.816–824,
1988.
[69] I. Skrapari, N. Tentolouris, D. Perrea, C. Bakoyiannis, A.
Papazaﬁropoulou, and N. Katsilambros, “Baroreﬂex sensitiv-
ity in obesity: relationship with cardiac autonomic nervous
system activity,” Obesity, vol. 15, no. 7, pp. 1685–1693, 2007.
[70] N. M. Fardin, L. M. Oyama, and R. R. Campos, “Changes in
baroreﬂexcontrolofrenalsympatheticnerveactivityinhigh-
fat-fed rats as a predictor of hypertension,” Obesity. In press.
[ 7 1 ] J .K .L i m b e r g,M .D .D eV i t a ,G .M .B l a i n ,a n dW .G .S c h r a g e ,
“Muscle blood ﬂow responses to dynamic exercise in young
obese humans,” Journal of Applied Physiology, vol. 108, no. 2,
pp. 349–355, 2010.
[72] G. M. Blain, J. K. Limberg, G. F. Mortensen, and W. G.
Schrage, “Rapid onset vasodilatation is blunted in obese
humans,” Acta Physiologica, vol. 205, no. 1, pp. 103–112,
2012.
[73] B. L. Hodnett, L. Xiang, J. Dearman, C. Carter, and R. L.
Hester, “KATP-mediated vasodilation is impaired in obese
zucker rats,” Microcirculation, vol. 15, no. 6, pp. 485–494,
2008.
[74] M. L. Armstrong, A. K. Dua, and C. L. Murrant, “Potassium
initiates vasodilatation induced by a single skeletal muscle
contraction in hamster cremaster muscle,” Journal of Physi-
ology, vol. 581, no. 2, pp. 841–852, 2007.
[ 7 5 ]I .C .T r o m b e t t a ,L .T .B a t a l h a ,M .U .P .B .R o n d o ne ta l . ,
“Weight loss improves neurovascular and muscle metabore-
ﬂex control in obesity,” American Journal of Physiology, vol.
285, no. 3, pp. H974–H982, 2003.
[76] A. C. Tonacio, I. C. Trombetta, M. U. P. B. Rondon et al.,
“Eﬀects of diet and exercise training on neurovascular con-
trol during mental stress in obese women,” Brazilian Journal
of Medical and Biological Research, vol. 39, no. 1, pp. 53–62,
2006.
[77] N. E. Straznicky, M. T. Grima, N. Eikelis et al., “The eﬀects of
weight loss versus weight loss maintenance on sympathetic
nervous system activity and metabolic syndrome compo-
nents,” Journal of Clinical Endocrinology and Metabolism, vol.
96, no. 3, pp. E503–E508, 2011.
[78] J. P. Finley and S. T.Nugent, “Heart rate variability in infants,
children and young adults,” Journal of the Autonomic Nervous
System, vol. 51, no. 2, pp. 103–108, 1995.
[79] S. M. Pikkujamsa, T. H. Makikallio, L. B. Sourander et al.,
“Cardiac interbeat interval dynamics from childhood to se-
nescence: comparison of conventional and new measures
based on fractals and chaos theory,” Circulation, vol. 100, pp.
393–399, 1999.
[80] Z. Lenard, P. Studinger, B. Mersich, L. Kocsis, and M. Kollai,
“Maturation of cardiovagal autonomic function from child-
hood to young adult age,” Circulation, vol. 110, no. 16, pp.
2307–2312, 2004.
[81] S. Goulopoulou, B. Fernhall, and J. A. Kanaley, “Develop-
mental changes in hemodynamic responses and cardiovagal
modulation during isometric handgrip exercise,” Interna-
tional Journal of Pediatrics, vol. 2010, Article ID 153780, 11
pages, 2010.
[82] K. R. Turley, “The chemoreﬂex in young boys and girls,”
International Journal of Sports Medicine, vol. 26, no. 2, pp.
96–101, 2005.
[83] M. Buchheit, H. Al-Haddad, A. Mendez-Villanueva, M. J.
Quod, and P. C. Bourdon, “Eﬀect of maturation on hemo-
dynamic and autonomic control recovery following maximal
running exercise in highly trained young soccer players,”
Frontiers in Physiology, vol. 2, p. 69, 2011.
[84] A. Zafeiridis, A. Dalamitros, K. Dipla, V. Manou, N. Galanis,
and S. Kellis, “Recovery during high-intensity intermittent
anaerobic exercise in boys, teens, and men,” Medicine and
Science in Sports and Exercise, vol. 37, no. 3, pp. 505–512,
2005.
[85] K. Dipla, T. Tsirini, A. Zafeiridis et al., “Fatigue resistance
during high-intensity intermittent exercise from childhood
to adulthood in males and females,” European Journal of
Applied Physiology, vol. 106, no. 5, pp. 645–653, 2009.
[86] M. Buchheit, P. Duche, P. B. Laursen, and S. Ratel, “Postexer-
cise heart rate recovery in children: relationship with power
output, blood ph, and lactate,” Applied Physiology, Nutrition,
and Metabolism, vol. 35, pp. 142–150, 2010.
[87] K. Jamerson and S. Julius, “Predictors of blood pressure
and hypertension. General principles,” American Journal of
Hypertension, vol. 4, no. 11, pp. 598S–602S, 1991.
[88] M. M. Ribeiro, A. G. Silva, N. S. Santos et al., “Diet and exer-
cise training restore blood pressure and vasodilatory re-
sponses during physiological maneuvers in obese children,”
Circulation, vol. 111, no. 15, pp. 1915–1923, 2005.
[89] Z. Lazarova, I. Tonhajzerova, Z. Trunkvalterova et al., “Bar-
oreﬂex sensitivity is reduced in obese normotensive children
and adolescents,” Canadian Journal of Physiology and Phar-
macology, vol. 87, pp. 565–571, 2009.
[90] A. P. Rocchini, C. Moorehead, V. Katch, J. Key, and K. M.
Finta, “Forearm resistance vessel abnormalities and insulin
resistance in obese adolescents,” Hypertension,v o l .1 9 ,n o .6 ,
pp. 615–620, 1992.
[91] Z. Pausova, M. Abrahamowicz, A. Mahboubi et al., “Func-
tional variation in the androgen-receptor gene is associated
with visceral adiposity and blood pressure in male adoles-
cents,” Hypertension, vol. 55, no. 3, pp. 706–714, 2010.
[92] Z. L´ en´ erd, P. Studinger, B. Mersich, G. Pavlik, and M. Kollai,
“Cardiovagal autonomic function in sedentary and trained
oﬀspring of hypertensive parents,” Journal of Physiology, vol.
565, no. 3, pp. 1031–1038, 2005.
[93] J. W. Cavalcante, L. P. Cavalcante, W. S. Pacheco, M. G. de
Menezes,andC.G.GamaFilho,“bloodpressureresponsesin
children of normotensive and of hypertensive parents treated10 Journal of Obesity
with pressor stimulus,” Arquivos Brasileiros de Cardiologia,
vol. 69, pp. 323–326, 1997.
[94] C. D. Legantis, G. P. Nassis, K. Dipla, I. S. Vrabas, L. S. Sidos-
sis, and N. D. Geladas, “Role of cardiorespiratory ﬁtness and
obesity on hemodynamic responses in children,” The Journal
of Sports Medicine and Physical Fitness. In press.
[95] S. Verlohren, G. Dubrovska, S. Y. Tsang et al., “Visceral peri-
adventitialadiposetissueregulatesarterialtoneofmesenteric
arteries,” Hypertension, vol. 44, no. 3, pp. 271–276, 2004.
[96] F. Dangardt, W. Osika, R. Volkmann, L. M. Gan, and P.
Friberg, “Obese children show increased intimal wall thick-
ness and decreased pulse wave velocity,” Clinical Physiology
and Functional Imaging, vol. 28, no. 5, pp. 287–293, 2008.
[97] D. Felber-Dietrich, U. Ackermann Liebrich, C. Schindler et
al., “Eﬀect of physical activity on heart rate variability in
normal weight, overweight and obese subjects: results from
the sapaldia study,” European Journal of Applied Physiology,
vol. 104, pp. 557–565, 2008.
[98] N.M.Hamburg,C.J.McMackin,A.L.Huangetal.,“Physical
inactivity rapidly induces insulin resistance and microvas-
cular dysfunction in healthy volunteers,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 27, no. 12, pp. 2650–
2656, 2007.
[99] A. S. Kelly, R. J. Wetzsteon, D. R. Kaiser, J. Steinberger,
A. J. Bank, and D. R. Dengel, “Inﬂammation, insulin, and
endothelial function in overweight children and adolescents:
the role of exercise,” Journal of Pediatrics, vol. 145, no. 6, pp.
731–736, 2004.
[100] G. P. Nassis, K. Papantakou, K. Skenderi et al., “Aerobic ex-
ercise training improves insulin sensitivity without changes
in body weight, body fat, adiponectin, and inﬂammatory
markers in overweight and obese girls,” Metabolism, vol. 54,
no. 11, pp. 1472–1479, 2005.
[101] K. Watts, P. Beye, A. Siafarikas et al., “Exercise training nor-
malizes vascular dysfunction and improves central adiposity
in obese adolescents,” Journal of the American College of
Cardiology, vol. 43, no. 10, pp. 1823–1827, 2004.
[102] R. A. Abbott, M. A. Harkness, and P. S. W. Davies, “Correla-
tion of habitual physical activity levels with ﬂow-mediated
dilation of the brachial artery in 5-10 year old children,”
Atherosclerosis, vol. 160, no. 1, pp. 233–239, 2002.
[103] N. D. Hopkins, G. Stratton, T. M. Tinken et al., “Relation-
ships between measures of ﬁtness, physical activity, body
composition and vascular function in children,” Atheroscle-
rosis, vol. 204, no. 1, pp. 244–249, 2009.
[104] D. M. Prado, A. G. Silva, I. C. Trombetta et al., “Exercise
training associated with diet improves heart rate recovery
and cardiac autonomic nervous system activity in obese chil-
dren,”InternationalJournalofSportsMedicine,vol.31,no.12,
pp. 860–865, 2010.
[105] J. S. Harrell, A. Jessup, and N. Greene, “Changing our future:
obesity and the metabolic syndrome in children and adoles-
cents,” Journal of Cardiovascular Nursing,v o l .2 1 ,n o .4 ,p p .
322–330, 2006.